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Executive Summary
In this report we present the main achievements of ASACUSA in 2007 and dicuss plans for 2008.
Antiprotonic helium ( p¯He+) spectroscopy
1. Sub-Doppler two-photon laser spectroscopy of p¯He+ (§1.1): mp¯/me determination
In 2007, we measured the transition frequencies of antiprotonic helium atoms (p3He+ and p4He+) to
a relative precision of a few parts per billion (ppb), which is by far the most precise measurement to
date of any p¯He+ transitions. This was achieved by using a sub-Doppler non-linear two-photon laser
spectroscopy method. By comparing these experimental values with new three-body QED calcula-
tions which include radiative corrections of order mα4, we expect to soon obtain a new value for the
antiproton-to-electron mass ratio.
The experimental precision achieved in 2007 represents the best value that can be obtained using
nanosecond-scale pulsed lasers due to shot-to-shot ﬂuctuations in the laser frequency and to non-
linear systematic effects. We therefore plan to start in 2008 an entirely different type of spectroscopy
utilising two continuous-wave lasers, which can solve the problems inherent to high-power pulsed
lasers, and may much improve the mp¯/me precision (§4.2.1).
2. Hyperﬁne Structure of p¯4He+ (§1.2): μp¯ determination
It has been shown during the 2006-7 beam time that an improved determination of the hyperﬁne
splitting (HFS) of p¯He+ is possible. Through the utilisation of a new pulse-ampliﬁed cw laser system,
the precision relative to the 2001 measurement has been increased by at least a factor 5.
The goal for 2007 was to measure the HFS of p¯4He+ (n, l) = (37,35) to the highest possible precision,
and to obtain an improved value for the spin magnetic moment of the antiproton (by a factor 3 over
the PDG value). This was unfortunately not possible due to many AD technical problems (see Table
1). In 2008, we plan to complete the measurement for the HFS of p¯4He+ (n, l) = (37,35) (§4.1.2).
3. Measurement of the Auger decay rate of p¯He+ (§1.3): test of the 3-body theory
Parasitic to the HFS measurement, we measured Auger decay rate (line width) of several p¯He+ tran-
sitions in 2006-2007, and will continue to take some more data in 2008 (§4.1.3). Comparison of these
results with the calculated imaginary part of the level-energy eigen values serves as an additional
check of the three-body QED calculation of p¯He+.
Atomic/nuclear collisions using slow antiprotons
1. Antiproton-nucleus annihilation cross section at low energies (§2.1): does the p¯-nucleus annihilation
cross section continue to scale as A2/3 at very low energy?
In 2007, multi-bunch extraction from the AD with bunch length of 30− 40 ns was achieved (which
was not possible in 2006), and we took data at 5 MeV with the metalic-foil targets (platinum, tin,
nickel), as well as with Mylar. With the scintillating ﬁber tracker, we were able to reconstruct the
annihilation vertices on the target as well as on the beam pipe (due to Rutherford scattering in the
target). The latter can be used for evaluating the incoming beam ﬂux. In 2008, we plan to modify the
setup to further reduce the contamination, and complete the measurement at 5 MeV (§4.1.1).
2. Ultra-slow p¯ beam development (§2.2): MUSASHI1
In 2007, ultra-slow p¯ beam extraction from ASACUSA’s MUSASHI facility was much improved:
i) by stacking 12 AD shots, 1.2×107 p¯s could be accumulated, ii) faster compression of the p¯ cloud
1MUSASHI: Monoenergetic UltraSlow Antiproton beam Source for High-precision Investigation
iv CONTENTS
was achieved by optimizing the “rotating-wall” method (70 s instead of 200 s in 2006), iii) as a result,
6−7×105 antiprotons could be stably delivered to the end of the transport beamline, iv) long-bunch
(30 s) as well as pulse extraction schemes were developed (the latter was used for p¯ injection to the
cusp trap).
3. p¯-He and p¯-Ar ionization down to 3.5 keV (§2.3): crucial test of the atomic collision theories
The beam from MUSASHI was injected to AIA2 to measure the p¯-He and p¯-Ar ionization cross
sections in the 3.5-25 keV energy range. The data show a nice overlap with our earlier data at the
highest energies, as well as with the less precise, preliminary data obtained in 2006. For the ﬁrst
time ever, with our data obtained in 2007, it has become possible to discern between the multitude of
advanced theoretical calculations of the cross section for antiproton impact ionization on helium. Our
next goal is to measure the ionization cross section of atomic hydrogen by impact of slow antiprotons
(down to ∼ 5keV) (§4.3.3).
4. p¯-He collision at and below 250 eV (§2.4)
The p¯ beam from MUSASHI and a supersonic helium gas-jet target were used to study p¯-He ioniza-
tion and atomic-capture cross sections. In 2007, some data were taken at 250 eV, but taking data at
lower energies was not possible due to AD technical problems (see Table 1). In 2008, we will take
data down to the 10-30 eV region, where there is a cross over from ionization to atomic formation
(§4.3.1).
Towards antihydrogen ground-state hyperﬁne spectroscopy
1. Cusp-trap commissioning (§3.1):
The cusp trap (anti-Helmholtz trap), one of the devices being developed for antihydrogen formation
and spectroscopy, was connected to MUSASHI, and pulsed p¯s were injected. Antiprotons were suc-
cessfully conﬁned in the cusp trap, and electron cooling of p¯s in the cusp trap was also observed. In
2008, formation of antihydrogen using the cusp trap will be attempted (§4.3.2).
2. Other developments (without using the AD beam):
i) ASACUSA positron beam line, a conventional buffer-gas e+ accumulator, was constructed and is
being commissioned in Aarhus, ii) a travelling-wave positron accumulator, a new all-in-one scheme
compatible with ultra high vacuum, has been completed in RIKEN, iii) the development of a detector
for antihydrogen annhilation-vertex reconstruction is in progress in Brescia, and iv) construction of a
superconducting radiofrequency Paul trap for antiprotons is in progress at CERN.
Table 1: 2007 beam usage summary
Topic Weeks Supercycle (h) Delivered (h) Availability (%)
p¯He HFS 23-26 262 128 49
p¯-A annihilation cross section 28 84 69 82
p¯He two-photon spectroscopy 29, 31-32, 34-35 372 274 74
MUSASHI development + p¯A collision 37-38,40-41 300 166 55
p¯-He and p¯-Ar ionization 43-44 91 90 99
Cusp trap 44-45 76 58 76
2AIA: Aarhus Ionization Apparatus
Part 1
p¯He Spectroscopy
1.1 ppb-scale sub-Doppler two-photon laser spectroscopy of antipro-
tonic helium atoms
1.1.1 Introduction
During the beamtime of 2007, the ASACUSA collaboration measured the optical transition frequencies of
antiprotonic helium [1, 2] atoms (p3He+ and p4He+) to a relative precision of a few parts per billion. The
high precision was achieved by using a new sub-Doppler non-linear two-photon laser spectroscopy method,
wherein the antiprotonic helium were irradiated by two counter-propagating laser beams. An advanced
chirp-compensated, Ti:Sapphire laser system was developed for this experiment. This new precision ex-
ceeds that of the best previous measurement published last year [3], which involved an older single-photon
technique. By comparing these experimental values with new three-body QED calculations which include
radiative corrections of order mα4, we expect to obtain a new value for the antiproton-to-electron mass
ratio. By further comparing the results with the antiproton cyclotron frequency measured by the TRAP
experiment [4] to a much higher precision of less than 1 part in 1010, we can also determine a limit on any
possible CPT-violating deviation between the antiproton charge and mass, and those of the proton.
1.1.2 Sub-Doppler two-photon laser spectroscopy
Fig. 1.1 (a) shows the limits δp on any CPT-violating differences between the antiproton charge and mass
Qp and Mp, and the proton values (Mp and Qp) obtained from laser spectroscopy experiments of pHe+
carried out by ASACUSA. The best previous value [3] was obtained using a femtosecond optical frequency
comb [5, 6] in conjunction with a continuous-wave pulse-ampliﬁed dye laser (Table 1.1). Comparisons




= 1836.152 674(5). (1.1)
The error 5 on the last digit above is the quadratic sum of 4 (the statistical experimental error), 3 (arising
from the experimental systematic error), and 2 (from the precision of the theoretical calculation). The above
value of Mpme was in good agreement with the known proton-to-electron mass ratio recommended by the
CODATA 98 and 2002 compilations [10],
Mp
me
= 1836.152 6675(39) (CODATA 1998), (1.2)
Mp
me
= 1836.152 672 61(85) (CODATA 2002). (1.3)
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Figure 1.1: Limit δCPT on the possible differences between the antiproton mass Mp and charge Qp, and those of
the proton’s measured over the years, derived by combining the results of the pHe+ laser spectroscopy and Pen-
ning trap experiments carried out by the TRAP collaboration (a). The experimental techniques used to improve the
precision on the pHe+ transition frequencies over the years are indicated. (b): Frequency of the p4He+ transition
(n, ) = (37,35)→(38,34) measured by the ASACUSA collaboration over the years. (c): Proton-to-electron mass
ratios recommended by the CODATA 98 and 2002 compilations, and the antiproton-to-electron mass ratio determined
by ASACUSA.
Table 1.1: Various sources of experimental error in three measurements of the pHe+ transition frequencies, carried
out using the 5.3-MeV antiproton beam of AD [11], the 100-keV beam of the RFQD [12], and using a cw pulse-
ampliﬁed dye laser stabilized to an optical frequency comb generator [3].
Error source AD only [11] RFQD [12] Freq. comb [3]
(MHz) (MHz) (MHz)
Density extrapolation 20-50 0.1-1 0.1-2
Statistical 20-40 20-200 3-13
Laser freq. calibration 70-140 20-50 < 1
Freq. chirp in dye laser - - 2-4
Freq. chirp in SHG crystal < 10 < 10 1-2
Magnetic effects < 1 < 1 < 1
AC Stark effects < 1 < 1 < 1
HFS calc. uncertainties < 1 < 1 < 1
Total error 80-150 30-200 4-15
In this previous experiment [3], the pHe+ were irradiated with a laser beam which induced a single-
photon transition from a metastable Rydberg state (n, ), to an Auger-dominated short-lived state (n′, ′).
This method had a fundamental limit in terms of experimental precision, due to the thermal Doppler broad-






due to the thermal motion of the atoms in the helium gas target cooled to temperature T = 5-10 K. In the
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Table 1.2: Three-body QED calculation of the optical frequency of the p4He+ transition (n, ) = (32,31)→ (31,30)
in MHz, derived by Korobov using the complex-coordinate rotation method. The various relativistic and QED correc-
tions are shown, including Enr: the non-relativistic energy, Erc: relativistic correction for the electron, Erc−qed: radia-
tive corrections for the bound electron (anomalous magnetic moment), Ese: one-loop transverse photon self-energy
correction, Eexch: one transverse photon exchange correction, Evp: one-loop vacuum polarization, Ekin: relativistic
corrections for heavy particles, Eα3−rec: one transverse photon exchange corrections of order α3, Etwo−loop: two-loop
QED correction, Enuc: ﬁnite nuclear size corrections, Eα4 : α4 relativistic correction.
Enr = 1 132 625 136.6
Erc = −18 991.1
Erc−qed = 183.3








Etotal = 1 132 609 223.5(1.0)
above equation, ν denotes the resonance frequency, k the Boltzmann constant, and M the mass of the pHe+
atom.
In order to reach higher precisions, laser spectroscopic measurements of normal atoms often utilize
two laser beams of the same optical frequency arranged in a counterpropagating geometry, that effectively
eliminates this Doppler broadening. Calculations revealed, however, that the laser intensities that would be
needed to excite such a pHe+ transition within the microsecond-scale lifetime of the atom are much greater
than those available from any tunable laser.
We here solved these problems by utilizing a near-resonant two-photon excitation (Fig. 1.2). The two
counter-propagating laser beams irradiating the pHe+ had non-equal frequencies ν1 and ν2, which were
adjusted such that i): their combined frequencies ν1 + ν2 were tuned to the two-photon transition (n, ) =
(36,34)→(34,32) involving an angular momentum change of Δ = 2, ii): the virtual intermediate state
involved in the two-photon transition was tuned to within a few GHz of a real state (n, ) = (35,33). The
nearness of the virtual state to a real one led to an enhancement of the two-photon transition probability by
several orders of magnitude compared to the case ν1 = ν2. Under these conditions, the observed width Δν2γ






In these experiments, antiprotons extracted from the AD were decelerated to energy 80 keV using the ra-
diofrequency quadrupole decelerator (RFQD), and entered into a cryogenic helium gas target through a
1-micron-thick PEN plastic window [12]. The target (Fig. 1.3) was ﬁlled with helium gas of pressure
P ∼ 2 mb and temperature T = 5 K. The pHe+ atoms produced in this way were irradiated by two coun-
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Figure 1.2: Energy level diagram of antiprotonic helium, indicating the principle of sub-Doppler two-photon spec-
troscopy.
terpropagating laser beams of wavelength λ = 372 nm and 417 nm, energy P = 5–15 mJ, pulse-length
Δt = 30–50 ns, and diameter d = 20–30 mm. The laser beams induced the non-linear two-photon transi-
tion (n, ) = (36,34)→(34,32), which resulted in the immediate Auger emission of the electron, followed
by antiproton annihilation in the helium nucleus [3]. Charged pions emerging from the annihilation were
detected by Cherenkov counters made of UV-transparent Lucite which surrounded the target. This signaled
the resonance condition between the two laser beams and the atom. To carry out these measurements, we
developed two sets of pulsed Ti:Sapphire lasers whose optical frequencies were stabilized with a precision
of ∼ 10−10. Each laser produced 30–60-ns-long laser pulses of energy 40 mJ and wavelength λ = 728–834
nm, which were frequency-doubled using BBO crystals to generate UV beams of λ = 364–417 nm. Our
frequency stability and resolution now rivals those of the most precise nanosecond pulsed lasers reported
in literature, which were used in, e.g., the 1s-2s two photon spectroscopy measurements of hydrogen or
muonium [13].
During 2007, an extensive research-and-development programme was carried out to improve the pre-
cision and signal-to-noise ratio of the two-photon experiment, compared to the ﬁrst round of unpublished
measurements carried out in 2006;
• Chirp compensation of the pulsed Ti:Sapphire laser, the optical frequency of pulsed Ti:Sapphire lasers
are usually modulated by tens of MHz, due to rapid changes in the refractive index of the Ti:Sapphire
crystal. We developed a system to correct this by using electro-optic modulators,
• Stabilization against a monolithic resonator, the two cw lasers were stabilized against monolithic res-
onators made of ultra-low expansion (ULE) glass (Fig.1.4). The resonators were carefully suspended
on vibration-damping springs, and placed in a UHV chamber which was temperature-stabilized. ULE
cavities used in other ultra-high precision experiments are typically l ∼ 100 mm long, but the one
used here is much longer l ∼ 470 mm which made it difﬁcult to construct. This length (correspond-
ing to a free spectral range of several 100 MHz) was here needed to allow the laser frequency to be
tuned continuously over many GHz. The stabilization of the two lasers to the cavity was carried out
in the following way. The frequencies of the laser beams were ﬁrst shifted by 600–900 MHz using
acouto-optic modulators (AOM’s), and then frequency modulated by ∼ 15 MHz using electro-optic
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Figure 1.3: Experimental cryogenic target to carry out sub-Doppler two-photon laser spectroscopy of antiprotonic
helium. Antiprotons decelerated by the RFQD enter from the top. The pHe+ are irradiated by two counter-propagating
laser beams, thereby canceling the thermal Doppler broadening of the laser resonance lines. Fused silica windows
to admit the laser beams are positioned at Brewster’s angle. This avoids the atoms being irradiated by multiple
reﬂections of the laser beam in the cryogenic target.
modulators (EOM’s). This beam was sent into the optical cavity, and the reﬂected light measured
by a photodiode. A dispersive signal with respect to the optical frequency was then obtained using
a demodulation technique (i.e., Pound-Drever method). This correction signal was fed into a series
of Piezo-mounted mirrors and EOM’s placed inside the continuous-wave laser cavities. The optical
linewidth of the lasers were thus narrowed to less than < 50 kHz. Long-term drifts in the optical
frequency of the lasers were maintained below < 1 MHz/day,
• Stabilization of the pulsed laser energy, the above modiﬁcations of the laser also decreased the shot-
to-shot ﬂuctuations in the laser energy,
• Improved stability in the laser beam transport to the target, a series of relay-imaging telescopes were
placed in the path of the UV laser beams between the ASACUSA laser room and the experimental tar-
get. These were carefully designed to compensate any thermal drift in the positions of the laser beam
in the resonator. The long-term stability of the positions of the two laser beams in the experimental
target were thus greatly improved,
• Intensive calibration and systematic error studies, the optical frequency and systematic error of the
above laser system was studied by carrying out Doppler-free two-photon laser spectroscopy of cesium
atoms, under various settings of the chirp compensation and laser power,
• Modiﬁed Cherenkov counter, the solid angle and light collection efﬁciency of the Cherenkov counter
used to detect the antiproton annihilation was increased. A gatable ﬁne-mesh photomultiplier of
diameter 40 mm was used here,
• Cryogenic helium target, modiﬁcations in the entrance window of the cryogenic target developed last
year, and in the transport beamline of the antiprotons increased the number of pHe+ atoms irradiated
by the laser beams.
1.1.4 Experimental results
While the unpublished experimental results of 2006 did show that two-photon laser transitions in pHe+
could in principle be induced by pulsed lasers, the quality of the actual data was low; in fact, despite the
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Figure 1.4: Monolithic ULE super-resonator used to stabilize the continuous-wave lasers (left). The two end mirrors
were super-polished and optically contacted to the cavity without adhesives. The cavity length l = 470 mm is very
long, and this allows the laser frequency to be continuously tuned over many GHz. The resonator was housed in a
thermal radiation shield, and suspended by springs. The assembly was placed in a UHV chamber. Optical frequency
comb (right).
much greater complexity of the two-photon experiment compared to all previous single-photon ones [3], the
transition frequencies of pHe+ could not be determined from the 2006 data to higher precision than before.
In Fig. 1.5 (left), the two-photon signal measured in 2006 for the transition (n, ) = (36,34)→(34,32) in
p4He+ is shown. A sharp spike is induced by the two laser beams at t = 3.4 μs on the spectrum. The
continuous background seen here is primarily due to the charged pions stopping in the material surrounding
the experimental target, and undergoing π → μ → e decay. Under these conditions, it took many days
to accumulate enough statistics to resolve a clear two-photon resonance. In 2006 we had only a poor
understanding of the systematic errors; we could not be certain that the two-photon method would lead
to a new experimental value on the antiproton-to-electron mass ratio, or antiproton charge and mass. It was
therefore of the ﬁrst importance in 2007 to increase the signal-to-noise ratio and study the systematic errors
under various experimental conditions - only then could the new method lead to comparisons between the
properties of antiprotons and protons.
The same two-photon resonance measured in 2007 is shown in Fig. 1.5 (right). Due to the many experi-
mental improvements described in the previous subsection, the signal-to-noise ratio has now been increased
by a factor ∼ 5. Of particular importance to this improvement was the compensation of the frequency chirp
in the two laser beams, which increased their coherence and hence the amplitude of the non-linear two-
photon transition. The two-photon experiment could now be carried out within a fraction of the beamtime
needed in 2006, and various systematic errors studied. We were able to unambiguously verify the existence
of the sub-Doppler two-photon signal, following the ﬁrst unpublished indications seen in 2006.
In Fig. 1.6 (bottom left), the resonance proﬁle of the two-photon transition (n, ) = (36,34)→(34,32)
measured in this way is shown. The large improvement of the 2007 results in terms of signal-to-noise ratio
and spectral resolution, compared to the 2006 results [Fig. 1.6 (top right)] or the 2004 results [Fig. 1.6 (top
left)] can be clearly seen. The example of Fig. 1.6 (bottom left) is broadened due to the high laser powers
E ∼ 20 mJ/pulse used here, but measurements repeated at lower laser powers E ∼ 8–15 mJ/pulse yielded an
even higher spectral resolution of around 120 MHz. This was by far the most precise measurement to date
on any pHe+ transition, and it enabled us to determine the transition frequency to a relative precision of a
few parts per billion.
We also found that the largest source of systematic error in these experiments was the AC Stark effect,
wherein the interaction of the strong laser ﬁelds with the atom can shift the measured transition frequencies
by several MHz. This effect is seen in all high-precision laser spectroscopy experiments of normal atoms and
molecules. The AC Stark effect in pHe+ was systematically studied over many weeks, at various detunings
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Figure 1.5: Laser-induced annihilation signal of the two-photon p4He+ transition (n, ) = (37,35)→(38,34) mea-
sured in 2006 (a). Same transition measured in 2007, after the various improvements described in the text (b).
±4–16 GHz of the virtual intermediate state, and at various intensities of the two laser beams. The results
are in good agreement with theoretical estimations, and indicated that the AC Stark effect in our experiment
is well understood and can be corrected for at a precision of several parts in a billion.
We also measured for the ﬁrst time the corresponding two-photon transition (35,33)→(33,31) in the
p3He+ isotope. Fig. 1.6 (bottom left) shows the laser resonance obtained by irradiating the p3He+ with
two counter-propagating laser beams of wavelengths λ = 410.2 and 364.7 nm. The positions of the eight
hyperﬁne sublines which arise from the spin-spin interactions between the three constituent particles are
indicated by arrows. The experimental precision on the transition frequency achieved here was lower than
in the p4He+ case, due to the larger number of hyperﬁne components and the lower signal-to-noise ratio. The
data is now being analyzed by comparing it with the results of a sophisticated nonlinear calculation. Further
numerical studies will be carried out using a supercomputer. This measurement of p3He+ is important since
it constitutes an independent conﬁrmation of the antiproton-to-electron mass ratio.
1.2 Precision Spectroscopy of the Hyperﬁne Structure of p¯4He+
1.2.1 Introduction
It has been shown during the 2006-7 beam time that an improved determination of the hyperﬁne (HF)
splitting of pHe+is possible. Through the utilisation of a new pulse-ampliﬁed cw laser system, the precision
relative to the 2001 measurement [14] has been increased by at least a factor 5. With more statistics and
a detailed evaluation of systematic inﬂuences, this factor of accuracy can be increased to 10, yielding an
improved value for the spin magnetic moment of the antiproton (by a factor 3) [15] and a new test of CPT
theory.
The goal for 2008 is to measure pHe+ (n, l) = (37,35) to the highest possible degree of meaningful
precision. After this step has been completed other hyperﬁne states are of interest. The entire program
is expected to take 2-3 years, during which time the ﬁrst measurements on p3He+ are intended, where
agreement between theory and experiment is not so clear, and a second p4He+ state, for an even better test
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Figure 1.6: Resonance proﬁle of the Doppler-broadened single-photon transition (n, ) = (36,34)→(35,33) of
p4He+ measured in 2004 (top left). Arrows denote the theoretical positions of the hyperﬁne components. Sub-Doppler
resonance proﬁle of the two-photon transition (n, ) = (36,34)→(34,32) measured in 2006 using two counterpropa-
gating laser beams (top right). The spectral resolution was increased by an order of magnitude, but the signal-to-noise
ratio is poor. The same proﬁle measured in 2007 (bottom left), after the many experimental improvements described
in the text. The two-photon transition (35,33)→(33,31) in p3He+ (bottom right).
of CPT theory.
1.2.2 CPT Invariance
The implication of CPT invariance is that all the parameters of particles and their antiparticles must be
identical. Over the past ﬁve years the ASACUSA collaboration has measured the transition frequencies of
antiprotonic helium with an ever increasing degree of accuracy [3]. Comparison with QED calculations
have determined the antiproton-to-electron mass ratio to high precision. The antiproton magnetic moment
is known to a far lesser degree. The most accurate measurement to date was made in 1988 on antiprotonic
lead [16].
The hyperﬁne structure of antiprotonic helium comes about via the interaction of the antiproton spin
with the angular momentum and electron spin. The magnetic moment of the antiproton can be determined
from the microwave spectroscopy of pHe+ through the comparison of the measured transition frequencies
with three-body QED calculations [17]. Indeed, the 2001 measurement [14] has yielded a determination of










































Figure 1.7: Hyperﬁne structure of a) p4He+ and b) p3He+. Wavy lines denote M1 transitions that correspond to a
spin ﬂip of the electron (HF transitions) which can be detected with our laser-microwavelaser method described later,
while double arrows symbolise M1 transitions with spin ﬂips of the antiproton or the helion.
μp with 1.6% error, while the current most precise measurment has 0.3% error [16]. During the 2006 beam
time a systematic study was commenced. The technical problems experienced in 2007 (50% of beam time
lost and 30% reduced signal-to-noise) meant that the aim of seeing the precision of the anti-protonic spin
magnetic moment measured to 0.1% was not met. In 2008 the measurements that were started in 2006 can
be ﬁnished and the desired accuracy achieved, provided the AD beam quality matches that of 2006.
1.2.3 The Hyperﬁne Structure of Antiprotonic Helium
The HFS of pHe+ arises from the interaction of the magnetic moments of its constituents. Due to the large
orbital angular moment of the antiproton (Lp ∼ 35), the dominant splitting arises from the interaction of
∼ Lp with the electron spin −→S e. The antiproton spin −→S p and the spin −→S h of the ‘helion’ h, the 3He nucleus,
lead to further splittings leading to a quadruplet for p4He+ and an octet for p3He+ (Fig. 1.7).
The hierarchy of angular moments and the angular momentum coupling schemes are shown in Tables
1.3 and 1.4 (numerical values from CODATA2002; μp = −2.800(8)μN (PDG)):
Table 1.3: Hierarchy of angular momentums
−→μ e = geμB−→S e = -1.001 159 652 1859(38)μB−→μ lp = gpl μN
−→
L p ∼ 1.906 159 ×10−2μB−→μ sp = gps μN
−→
S p= 2.792 847 351(28) μN(p)= 1.521 032 206(15) × 10−3μB−→μ h = ghμN−→S h= -2.127 497 723(25) μN = -1.158 671 474(14)× 10−3μB
Although the helion magnetic moment is smaller than that of the antiproton, its overlap with the electron
cloud (which is in the ground state and has its maximum probability at the helion site) is stronger and
therefore the above coupling scheme is more stable.
In Fig. 1.7 the allowed M1 transitions that can be induced by an oscillating magnetic ﬁeld are shown.
In the case of p4He+, there are two types of transitions: hyperﬁne (HF) transitions (ν+HF and ν
−
HF) which are
associated with a spin-ﬂip of the electron, and superhyperﬁne (SHF) transitions (ν+SHF and ν
−
SHF) which are
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associated with a spin ﬂip of the antiproton.
1.2.4 Laser Microwave Spectroscopy Method (p¯4He+)
It is only possible to induce a transition between superhyperﬁne quadruplets with microwave (M1) transi-
tions but it is only possible to measure the population of each doublet with laser spectroscopy. Therefore a
laser-microwave-laser triple resonance method is applied (Fig. 1.8). Details of the experimental setup and
method are explained in [14, 18]
Initially, all four superhyperﬁne (J−+, J−−, J++ and J+−) quadruplets are equally populated. To study
the transition frequencies between them a population asymmetry must ﬁrst be induced. A laser (E1) stim-
ulated transition from one of the hyperﬁne (F− or F+) doublets to a short lived daughter state is induced.
This results in a depopulation of one of the HF doublets, leaving the other still fully populated. A microwave
pulse follows. If the microwave frequency is tuned to a resonance between either J−+ and J++ or the J−−
and J+− states the laser depopulated hyperﬁne doublet is partially reﬁlled. Finally, a second laser pulse,
tuned to the same transition as the ﬁrst, is used to depopulate the doublet again.
The daughter state is Auger dominated and decays quickly with a lifetime two orders of magnitude
shorter than the parent. The annihilation of the antiproton in the nucleus produces a sharp annihilation peak
on detectors. The ratio of the annihilation peak area to the area under the entire decay spectrum, called
the peak-to-total (ptt1 and ptt2 for the ﬁrst and second peaks respectively), is proportional to the induced
depopulation of the parent state.
The microwave frequency is scanned across a range to determine the two transition frequencies. When
the microwave frequency is on-resonance ptt2 is larger because the previously depopulated doublet is par-
tially reﬁlled before being depopulated again. When the microwave is off-resonance ptt2 is smaller because
no reﬁlling has occurred. Therefore, in a plot of microwave frequency vs ptt2, the two resonant peaks stand
out against the off-resonant background signal.
The state chosen for study is (n, l) = (37,35). There are two E1 (∼726 nm wavelength) laser transitions
( f+ and f−) between the (n, l) =(38,34) and (37,35) states corresponding to each HF doublet (F+ and F−).
They are, in fact, four E1 transitions each associated with one of the quadruplets (J−+, J−−, J++ and J+−),
but, due to Doppler broadening, they can only be resoled as two (Fig. 1.8).
1.2.5 Improved Laser System
The new pulse-ampliﬁed cw laser system is a variation of the one that was used during ASACUSA’s recent
high precision laser spectroscopy [3]. It has several advantages over the old purely pulsed laser system
including: 1. a narrow bandwidth (∼100 MHz), which allows one HF line to be depopulated without
affecting the other; 2. high shot to shot stability (∼10-30 MHz) which reduces the amount of statistics
required for each measurement; 3. a long pulse length (18 ns for the ﬁrst laser and 13 ns for the second
laser) which increases the laser depopulation efﬁciency because it is of the order of the Auger lifetime; and


















Figure 1.8: Schematic view of the splitting of pHe+ for the unfavoured electric dipole moment transitions. The state
illustrated on the right is the radiative decay dominated parent (n, l) and the left state is the Auger decay dominated
daughter (n′, l′). The laser transitions, from the parent to daughter doublets, are indicated by straight lines and the
microwave transitions, between the quadruplets of the parent, by wiggly ones. For this experiment (n, l) = (37,35) and
(n′, l′) = (38,34).
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Figure 1.9: Laser resonance proﬁle of the (n, l) = (37, 35) to (38,34) transition measured at the AD ring in a) 2001
and b) 2006. The resonance centre wavelengths λ+ and λ− are evident. In 2001 the two HF transitions could not
be clearly separated due to the large band width of the pulsed laser. In 2006 the reduced band width allowed the
transitions to be well resolved, resulting in an increase of the achievable population asymmetry between the F+ and
F− HF doublets.
4. an arbitrary time difference between laser pulses, which determines the length of the microwave envelope
and therefore the ﬁnal line width as it is dependent on the Fourier transform of the microwave envelope.
A comparison between the laser resonance proﬁle obtained with the old pulsed dye laser in 2001 and a
similar scan from 2006 is shown in Fig. 1.9. In both graphs the two resonance peaks at wavelengths λ+ and
λ− differ by∼1.8 GHz but they are resolved much more clearly in the second scan. The new laser system is
evidently more stable, veriﬁed by the points which ﬂuctuate in the ﬁrst graph much more than in the second.
1.2.6 Results From 2007
During the time allotted for this experiment in 2007 many AD (Antiproton Decelerator) technical problems
were experienced. More than half (51%) of beam time was lost due to RF problems and the breakdown
and replacment of a magnet. When functioning, the p beam was of much poorer quality than was received
in previous years and a signal 30% less that that observed in 2006 was measured. As a result it was not
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Figure 1.10: ADATS signal for the two different situations of the Laser Depopulation Efﬁciency Measurement a)
where both laser annihilation peaks were recorded f+ f+ b) where the ﬁrst laser was delayed and only the second
annihilation peak was recorded 0 f+.
possible to measure transitions for more than one density.
Despite these problems the ﬁrst draft of a publication summarising the work performed during 2006
and 2007 has been completed. This paper will outline the results for three different experiments which
are all part of a systematic study of the pHe+ (37, 35) Hyperﬁne structure: 1. Relaxation Collision Rate
Measurement, 2. Microwave Power Dependence Measurement and 3. Microwave Scans.
Relaxation Collision Rate Measurement
To achieve the highest degree of precision it is necessary to make a high statistic measurement with opti-
mum conditions. The line width is limited by the Fourier transform of the microwave signal which is in
turn determined by the laser separation T . However, if this T is increased indeﬁnitely, long before all the
metastable atoms annihilate, the asymmetry, induced by the ﬁrst laser, is lost due to inelastic relaxation
collisions. The expected relaxation frequency has been calculated by Koremann [19]. To determine the
optimum laser separation it as necessary to measure the relaxation frequency. Initially only the laser was
used.
The ﬁrst laser was pulsed on resonance with the f+ transition. The second laser, tuned to the same
transition, was pulsed after a time delay following the ﬁrst (referred to as f+ f+. An equal number of
measurements were taken when 1. both lasers were ﬁred (Fig. 1.10a) and 2. only the second was ﬁred (Fig.
1.10b) (referred to as 0 f+). When both lasers were ﬁred, the peak to total signal produced by the second
laser (ptt++2 ) was smaller than that of the peak to total (ptt
0+
2 ) during 0 f
+. As the time delay of the second
laser was increased the difference between the two signals decreased due to the relaxation rate and radiative
decay. The signal of the ﬁrst laser (ptt++1 ) was used for normalisation.
The measurements were carried out at 3 different densities and four different laser powers. The laser
separation was plotted vs ptt++2 /ptt
++
1 and ﬁtted with an exponential function to determine the rate of re-
laxation collisions. Table 1.5 shows the results. The relaxation time is slightly larger than the typical laser
separation time and recent theoretical calculations of the relaxation time [19].
Microwave Power Dependence Measurement
To conﬁrm the results attained from the Relaxation Collision Rate Measurements the microwave was intro-
duced. This also served to determine the potential population transfer at various laser separations.
Both lasers remained ﬁxed to the f+ transition but now the microwave was used to the drive the mag-
netic transitions between the quadruplets. The microwave ‘on-resonance’ frequency was ﬁxed to the ν+HF
transition. Now the peak to total (ptton2 ) of the second laser with the microwave on-resonance was greater
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Table 1.5: Relaxation Collision Results
p (mbar) ρ (1020cm−3) γi (GHz) τi (ns)
150 1.726 ± 0.0402 0.95 ± 0.12 1051 ± 129
250 2.912 ± 0.0606 1.42 ± 0.30 703 ± 148
500 6.177 ± 0.125 2.30 ± 0.61 434 ± 115

















Figure 1.11: Microwave Power Dependence was studied at 250 mbar to determine the optimum microwave power
for each laser separation. This graph shows how population transfer is reduced as a function of laser separation at
optimum power. The experimental results are shown as a vertical cross and the simulated points as a circle.
than the peak to total (pttoff2 ) with the microwave off-resonance. An equal number of measurements were
carried out with microwave powers ranging from 0.01 to 30 W and one off-resonant frequency. The scans
were repeated over four different laser separation periods (T = 150, 500, 700, 1000 ns) with the above laser
parameters.
Taking the double ratio between the ptt2/ptt1 for the optimum microwave conditions and that for the
off-resonant condition for each laser separation, the information was compressed into one time-dependent
graph where the point at T = 350 ns has been added from microwave scans under the same conditions. The
resultant graph, Fig. 1.11, shows a plot of the maximum signal achieved for each laser delay compared with
the numerically modelled points.
These results reveal that the relaxation frequency is a factor of two slower than the upper limit predicted
by the theory [19]. The error associated with these measurements is very large but expected given the
number of parameters that affect it. These measurements allowed the optimum laser separation of T = 350
ns to be chosen for the ﬁnal measurement.
Microwave Scans
The two lasers were ﬁxed to the f+ transition. The microwave frequency was scanned across a frequency
range from 12.86 to 12.94 GHz. More points were measured over the two 15 MHz regions of each of the
peaks. Less points were taken outside this region and were used merely to conﬁrm a ﬂat background and
contribute to the background level.
Figure 1.12 shows the averaged results of 12 scans at target density of 240±10 mbar and a laser separa-
tion of 350 ns. The ﬁt shown is a function consisting of two independent sinc2() functions plus a constant
background. Figure 1.13 shows a close up of each peak where the side bands can be seen.
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Figure 1.12: Microwave resonance proﬁle of the (37, 35) metastable state. The ν+HF and ν
−
HF peaks are ﬁtted with two
independent sinc2() functions plus a constant background.
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Figure 1.13: A close up of the HF peaks ﬁtted with two independent Sinc2() functions plus a constant background, a)
ν+HF and b) ν
−
HF
The HF splitting measurement improves on the previous results by a factor of ﬁve but differs from theory
by 2σ . It is predicted that the transition frequencies (ν+HF and ν
−
HF) should shift by 80 kHz over a doubling
of the density [19]. Given the present resolution, the shift should be observable. Unfortunately, due to
time constraints, only preliminary measurements at a different density were measured and the low statistics
were insufﬁcient to conﬁrm or refute the expected shift. A minimum of three densities are necessary to
extrapolate to zero density.
It is also predicted that the upper limit of the density shift for the difference between the two transition
frequencies (ν+HF− ν−HF) is an order of magnitude smaller than the shift for each transition frequency (∼7
kHz instead of 80 kHz). This shift is mach smaller than the current error of 50 KHz and therefore should
not inﬂuence the result. Hence, if it contributes to the the small density shift predicted by theory, a density
dependence study would increase the statistics of a HF splitting measurement to 33 kHz.
1.3 Measurement of the Auger decay rate of p¯He+
Our measurement of the transition frequencies (ω) of p¯He+ currently agrees with three-body QED calcu-
lations to a precision of < 10−8 [3], but since our determination of mp¯/me relies on the three-body QED
calculations, it is important to check the validity of the theoretical predictions. One way is to compare the
p¯He+ Auger decay rate (ΓexpA vs. Γ
theory
A ).
Since metastable p¯He+ levels are not true bound states but Feshbach resonant states, one can theoreti-
cally treat the decay rate in the same manner as the transition frequency. Hence they are calculated simulta-


















































Figure 1.14: A part of our Auger-rate (ΓA) measurements in 2002 com-
pared to theoretical calculations [20]. The three Auger rates shown in
the lower part of the ﬁgure (ΓA < 109 Hz) were measured by ﬁtting
an exponential to the laser-induced resonance spike, while others were
measured by their resonance widths. As shown experimental results
and theoretical predictions agree fairly well for some transitions, while
there exist a factor of 2-270 differences in some others.
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Figure 1.15: Comparison of the reso-
nance spectra of the state (38, 33) of
p¯4He+ measured with commercial dye
lasers having a large laser bandwidth (∼
1 GHz) in 2002 (top) and with narrow-
bandwidth laser pulse (∼ 60 MHz) in
2007 (bottom).
neously using a complex energy E = h¯(ω− iΓA/2) and a complex coordinate rotation (CCR) method. The
CCR method is expected to calculate both the transition frequency and the decay rate being of the same
order.
Although the CCR method is useful to treat resonant states, it is still difﬁcult to calculate the Auger rate
precisely. This is because the matrix element of the Auger decay, involving an overlap integral between the
p¯He+ and the outgoing electron wavefunctions, sensitively depends on the exponentially-damping-part of
the p¯He+ wave function at large distances. Thus, the validity of the wave functions used in the three-body
QED calculations can be tested with the Auger-rate measurement1.
Figure 1.14 shows a part of our Auger-rate measurements in 2002 (having 10-50 % relative errors) in
comparison to the theoretical calculations [20]. In the measurement, we employed two different methods
depending on the magnitude of the Auger rate. For the slow rate less than ∼ 0.2 GHz, we measured the
Auger rate by ﬁtting an exponential decay to the tail of the annihilation spike. The three states indicated in
the ﬁgure were measured with this method. For others, we determined the Auger rate from the resonance
width, corrected for the laser bandwidth.
As shown in Fig. 1.14, large differences were found in some transitions especially for the states mea-
sured using the ”resonance-width” method, while some others show good experiment-theory agreement.
One reason for the differences could come form the property of commercial dye lasers used in 2002. The
laser pulse consisted of several modes, whose relative intensities ﬂuctuated from shot to shot, so that the
laser pulse had a large (a few GHz) bandwidth. Since the laser bandwidth was comparable to the natural
width (γnat), it was difﬁcult to derive the Auger rate. For example, the Auger rate of the state (35, 32) of
p¯4He+ is predicted to be γnat = ΓA/2π  1 GHz, which was close to the bandwidth of the laser system.
1Variational calculations (including the CCR) can yield high precision energy eigen values, but the precision of the wavefunction
proﬁle is in general much less. Since the CCR-obtained wavefunction is used in the perturbative calculations of the p¯He+ QED
corrections, the accuracy of the calculated wavefunction is crucial.
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In order to verify the experiment-theory differences and test the three-body QED calculations precisely,
we propose to perform a new series of measurements with a continuous-wave pulse-ampliﬁed laser system
which was successfully used for the high precision spectroscopy of p¯He+. A continuous-wave, single-line
mode Ti:Sapphire laser with a relative frequency bandwidth δ f/ f < 10−9 was used as seed light. The seed
light was then ampliﬁed using dye cells pumped by pulsed laser beams. The produced laser pulse had the
bandwidth of ∼ 60 MHz, which was a factor > 20 smaller than the previously-used commercial dye lasers.
With enough statistics, we can measure the Auger decay rate with less than 5 % errors, an improvement of
a factor 2 - 10 over the measurements.
In 2007 we tested the feasibility of the measurement using the new laser system. Figure 1.15 shows the
resonance spectrum of the state (38, 33) of p¯4He+ in 2007 compared with one measured in 2002. A better
resolution was achieved by the narrow-bandwidth laser system. A factor of 3 ∼ 4 improvement is expected
from a preliminary analysis.
Part 2
Atomic/Nuclear Collisions using Slow
Antiprotons
2.1 Antiproton-nucleus annihilation cross section at low energies
2.1.1 Introduction
In 2006 the characteristics of the AD beam did not enable us to have useful data for the measurement of the
antiproton annihilation cross sections with gaseous targets. Thus we have realized in 2007 an experimental
conﬁguration (see Fig. 2.1) for the measurement on solid targets with nuclei of various A in order to verify
the trend of A2/3 also at 5 MeV energy, as already observed at higher energies and with antineutron.
These solid targets have been realized by sputtering platinum, tin, nickel on Mylar foils 0.9 micrometers
thick. The metallic layers are of the order of a hundred of nanometers in order to have a number of events
comparable with the ones with Mylar, in the hypothesis that the trend of the cross section follows A2/3.
The Mylar in its turn constitutes a target with A similar to the carbon one. The Mylar foil is coated on
an Al ring of 12 cm inner diameter, while the deposition is a disc of 5 cm diameter. The target is inserted
at approximately 40 cm in the vessel, an aluminum empty pipe, like the CERN ones, of 2 mm of thickness
and length of about 200 cm directly connected to the AD beam pipe. Around the vessel is positioned the
scintillating ﬁber tracker.
We had a week of shifts of 12 hours per day. In the ﬁrst part of our data-taking of this year we met again
Figure 2.1: Experimental set-up in 2007
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Figure 2.2: Typical time distributions in the 6th layer for one bunch with different target. (N.B. the Mylar case has a
different settings of the septum)
the AD beam problems of 2006: the time length of the bunches was of various hundreds of nanoseconds
instead of the 30-40 ns we needed. This caused, like in 2006, a background hiding the signal. Anyway
these difﬁculties have been overcome since the ﬁrst day thanks also to the unexpected time machine of the
previous days (left by ALPHA experiment) that we have used to demonstrate (and therefore to convince the
AD operators) that the signals in advance, seen by the tracker, were due to antiproton annihilations arriving
to our apparatus, and not to the annihilations along the beam pipe several meters upstream. The treatment
consisted in a reduction of the time gate of the AD septum. The beam quality has been further improved
by moving the AD scrapers position and so reducing the divergence of the beam. (The analysis of events
without target shows that the beam had been optimized in collimation and that no annhilations occurred on
the lateral wall of the vessel, see after) We have been able to take data with all the targets (platinum, tin,
nickel), as well as with pure Mylar and in the absence of target. The target was changed during the 12 hours
between the shifts.
2.1.2 Preliminary data analysis
In Fig. 2.2 the time distributions of the hitted ﬁbers of one layer of the tracking detectors are plotted for one
antiproton bunch for the different targets and for the so called “empty” target (i.e., a conﬁguration with no
target inside the target vessel). The events in the interval 650-700 ns are due to antiproton annilitations in
the target or on the surrounding lateral wall of the target vessel. The remaining antiprotons annihilate on the
end of the target vessel, positioned 2 m downstream, where they are expected to arrive at around t = 720 ns.
In the case of the empty target, the absence of events in the interval 650-700 ns shows that the radial
extension of the pbar beam from AD is smaller than the radius of the target vessel and that the annihilations
from the end of the target vessel are well separeted in time from the annihilations in the target. The recorded
events in the interval 650-700 ns are only due to annihilations on the target (our signal) and on the lateral
wall of the target vessel. In the ﬁducial time interval 650-700 ns many annihilations occur. It is difﬁcult to
disantangle the vertices of these annihilations since the time jitter of the signals of the tracker do not permit
an unabiguous determinations of the ﬁbers belonging to each annihilation event. In a preliminary analysis























Figure 2.3: Reconstructed vertices for the Sn case.
we have modiﬁed our standard procedure for determing the annihilations vertices. In the standard procedure
a vertex is determined through a combinatorial algorithm which considers all the possible straight lines
passing through 2 hits (one of the inner part of the detector, the other of the external one). These straight
lines are candidate to correspond to the pion tracks coming out from the annihilations. In the alghoritm
the straight lines are considered two by two, estimating their origin (which we call “partial vertex”) like
the point of minimal distance between them. Points corresponding to different pairs are ﬁnally mediated in
order to determine the ﬁnal vertex.
Now we have considered only the partial vertices and so our annihilation vertices result to be made by
only 2 tracks. In Fig. 2.3 these vertices are plotted for the case of the Sn target. At a glance the distributions
are in qualitative agreement with the expected ones. A peak around z = 0 cm (z is the coordinate along the
direction of the pbar beam) is clearly visible and represents the annihilations on the target (positioned at
z = 0).
In addition these events are correctly positioned at small radii (see Fig. 4.1). The z distribution does
not appear symmetric around z = 0 since the Coulomb scattering cross section is peaked forward. These
Rutherford events can be used for evaluating the incoming antiproton beam. Vertices are reconstructed also
before the target (z negative values).
These vertices are mostly fake vertices due to the combinatorial nature of the vertex algorithm and their
number is an increasing function of the number of the real vertices. This background is present also in
the z region where the actual vertices are present and this prevents an easy evaluation of their number. An
accurate analysis with a strong help from Monte Carlo simulation is needed to extract the cross sections
values.
2.2 MUSASHI commissioning
We, ASACUSA collaboration, has developed a Monoenergetic UltraSlow Antiproton beam Source for High-
precision Investigation (MUSASHI) composed of two parts, a multiring electrode trap (MRT) in a super-
conducting (SC) solenoid [21] and an ultraslow p¯ beam transport line [22] (See Fig. 2.4), which sequentially
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combined with the CERN AD and a post decelerating RFQ (RFQD). MUSASHI works as an monoenergetic
ultraslow p¯ beam source for the synthesis of antihydrogen atoms (H¯) for the CPT-symmetry test [23, 24],
studies of atomic collision dynamics including formation of antiprotonic atoms ( p¯A) and ionization pro-










Figure 2.4: Design of MUSASHI consisting of SC Solenoid and ultraslow p¯ beam transport line.
Until 2007, MUSASHI had succeeded in accumulating millions of p¯s [21] and extracting some of them
as ultraslow beams [28]. In 2007, ASACUSA has modiﬁed some damaged components of the supercon-
ducting solenoid to ensure stable operation and efﬁcient extraction of ultraslow antiproton beams. We have
succeeded in supplying ultraslow antiproton beams at 250 eV to the supersonic gas jet chamber for an-
tiprotonic atom formation experiment (Sec. 2.4) and the AIA (Aarhus Ionization Apparatus) for ionization
experiment with more intense beam (Sec. 2.3) than previous years. Also we developed a new pulse extrac-
tion scheme of MUSASHI to supply a beam to the cusp trap (Sec. 3.1).
2.2.1 Modiﬁcation of MUSASHI
In 2006, we installed new liquid He free SC solenoid and it worked as we expected. The ultrahigh vacuum
bore tube originally made by Cu to ensure a homogeneity of temperature. However the Cu bore was found
too weak to maintain its shape once a magnetic ﬁeld quench occurred. In fact, a quench distorted the Cu
Bore at a Japanese company. Therefore in order to avoid any risks, we replaced such Cu bore by a bore tube
made from stainless steel tube clad by segmented Cu. The achieved temperature was only 0.1 K higher than
the previous type of bore, that was 3.9 K. It was conﬁrmed that the life time of p¯ trapped in the MRT with
the modiﬁed SC solenoid was long enough to make an ultraslow p¯ beam.
2.2.2 Improvement of slow p¯ extraction efﬁciency
In the 2007 run, we succeeded in accumulating the most antiprotons in the MRT, 1.2× 107 p¯, that was
the largest number ever stored and cooled in electro-magnetic traps. As shown in Fig. 2.5, 12 AD shots
were stacked and then trapped antiprotons annihilated during slowly dumping the potential of the MRT. For
one AD shot, we stably obtained 1–1.2×106 p¯s in the MRT when the upper stream accelerator complexes
worked ﬁne, namely > 3×107 p¯s were supplied with good emittance from the AD.
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Figure 2.5: Integrated p¯ number during the ac-
cumulation of 12 AD shots.













Figure 2.6: Counted p¯ numbers at the MCP located at the
end of the 3 m long ultraslow beam transport line. The red
curve shows the potential depth of the trapping potential.
By 2006, we had already found an antiproton cloud radial compression condition without e−s as a
coolant for efﬁcient extraction from the strong magnetic ﬁeld region [28]. However it consumed almost
2 AD shots only for this manipulation. The better radial compression conditions were surveyed in 2007.
Applying an rf ﬁeld with frequency sweep, the p¯ cloud compression became faster, within 70 s, than the
established ﬁxed frequency rf case, 200 s. The number of extracted p¯ after the compression was 6–7×105
at the end of the transport beam line.
Though we also found an rf ﬁeld condition to compress the radial size of p¯ cloud with e− cloud, the
ultraslow p¯ beam production rate was lower than the above mentioned case due to longer rf applying time
for compression.
We also succeeded in extracting “long bunch” antiproton beams to suppress pileup at detectors for
atomic collision experiments. Figure 2.6 shows that the number of p¯ counted for 30 s long duration by the
MCP located at the end of the 3 m long ultraslow beam transport line. The red curve in Fig 2.6 corresponds
to the potential variation during the slow extraction procedure. The conﬁned p¯s escaped from the trap
potential when the well potential was shallowed as same level of around the bottom of the well.
2.2.3 Development of pulse extraction scheme
We developed new slow p¯ beam extraction scheme for MUSASHI. This new scheme is a pulse extraction so
as to transport and catch ultraslow p¯s efﬁciently at the cusp trap designed for antihydrogen atom synthesis
and trapping.
The development was done with an ofﬂine test experiment. We produced positive ions by ionization
of residual (H2 and He ) and leaked He gas by 60 eV e− impact at the MRT. The ions once were radially
compressed by rotating wall technique under a relatively high background pressure (∼ 10−9 Torr), then
collected in a small region and kick-off from that region by 1 μs pulse. Thus extracted positive ions were
detected by the MCP-PSD located 1.5 m downstream from the MRT (see Fig. 2.4). The measured pulse
width for protons and He+ ions at various extraction energies are summarized in Tab 2.1.
2.3 p¯-He and p¯-Ar ionization experiment.
2.3.1 Introduction
The reader is referred to the ASACUSA status report for 2006 [29] for a discussion of the background to
our interest in measuring ionization cross sections for slow antiprotons on simple targets such as atomic
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E pulse width of p He+
250 eV 400 ns 1.0 μs
100 eV 760 ns 2.0 μs
30 eV 800 ns 3.4 μs
10 eV 800 ns 3.8 μs
Table 2.1: Measured pulse width of extracted p and He+ at the MCP.
and molecular hydrogen, helium and the other rare gases. Let us restrict ourselves to state that such data
are of immense help for the development of advanced theories which describe atomic collisions, with their
complex, dynamic, many-body nature.
Since 1986, our group has supplied the theorists with a large body of benchmark data for their develop-
ment of proper theoretical models [30–34]. This was achieved using the CERN LEAR machine.
As the insight into the theory of atomic collisions improves, it has become clear that the challenge now
lies in the understanding of “slow” collisions, i.e. collisions where the projectile speed is smaller than that
of the target atoms outer electrons. In the case of antiproton impact, this means antiproton kinetic energies
smaller than a few tens of keV. During our work at LEAR, we were able to cover the energy range down to
10-20 keV, but a whole new approach to the production of an antiproton beam was needed to go lower in
energy.
The new technique involves an RFQ decelerator, which delivers an antiproton bunch at 10-20 keV but
with a large energy and angular spread. To overcome this poor quality of the antiproton beam, the MUSASHI
group of ASACUSA has developed a superconducting Penning trap with an associated extraction beam line.
Here, the antiprotons are captured, cooled, compressed and ﬁnally extracted as a beam of a few hundred eV.
The results of the MUSASHI group is described elsewhere in this report (page 19).
2.3.2 Results from 2007
Using this facility connected to our ionization apparatus AIA (Aarhus Ionization Apparatus), we have per-
formed accurate measurements of the single ionization of helium, as well as for single and double ionization
of argon for impact of 3.5 - 25 keV antiprotons. The data which are obtained via absolute measurements,
show a nice overlap with our earlier data at the highest energies, as well as with the less precise, preliminary
data obtained in 2006. Figure 2.7 shows the new data compared with our old data, and with proton measure-
ments by Shah, Gilbody et al. [35,36] Clearly, there is a discrepancy with the two lowest energy data points
of [32], which we judge to be erroneous. We cannot explain why these two data points are too low.
In ﬁgure 2.8, we show all the experimental data for helium, compared with the majority of the theoretical
calculations known to us. Please note that the theoretical calculations coalesce at energies above 100 keV, so
that it is only with the new data that we are able, for the ﬁrst time to discern between the various theoretical
approaches.
In addition to the helium data, we also obtained similar data for single as well as for double ionization
with argon as a target. They are shown in ﬁgure 2.9.
As can be seen, the new argon data agree well with our old data taken at higher impact energy. They
also support the calculations by Kirchner et al. [38].
Conclusion
For the ﬁrst time ever, with our data obtained in 2007, it has become possible to discern between the multi-
tude of advanced theoretical calculations of the cross section for antiproton impact ionization on helium.
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Figure 2.7: The single ionization cross section for antiproton impact on helium as function of the projectile kinetic
energy. The experimental data [31, 32] obtained by our group at LEAR (CERN 90, 94), are compared with the new,
preliminary data CERN (07). The vertical line indicates the lower limit for full ion collection by AIA. Also shown are
proton data by Shah and Gilbody [35, 36].
Figure 2.8: The total cross section for single ionization in antiproton-helium collisions, as function of projectile
energy.
2.4 Atomic Collision Studies Using Ultra-Slow Antiproton Beams
The ultra-slow antiproton beam which can now be extracted stably from the MUSASHI apparatus at ener-
gies of the region of atomic physics, has opened up the possibility to study ionization and atomic capture
processes between an antiproton and an atom under the single-collision condition for the ﬁrst time. Studies
of ionization cross sections at relatively high energies of 5–20 keV has been mentioned in section 2.3 with
their successful results. Studies of ionization and atomic capture processes at lower energy than 1 keV uses
another dedicated gas-jet target system and a different particle detector set, which will be explained below.
Two weeks of beamtime were allocated for these studies in 2007. However, this period was considerably
shortened due to the two weeks of stop of the AD machine caused by the AD-magnet problem in September.
After tuning of the beam and adjustment of our data acquisition system, we were left with only 4 effective
shifts of 8 hours. Despite this short time, we succeeded in observing the ﬁrst signiﬁcant signal of the
ionization at an ultra-low energy of 250 eV. This observation is an important step, and we will continue this
experiment to study atomic capture of antiprotons and formation of exotic antiprotonic atoms in 2008.
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Figure 2.9: The single and double ionization cross section for antiproton impact on argon as function of the projectile
kinetic energy. The experimental data [37] obtained by our group at LEAR (CERN 97), are compared with the new,
preliminary data CERN (07). The vertical lines indicate the lower limit for full ion collection by AIA. The theoretical
curves are by Kirchner et al [38]
2.4.1 Aim of the experiment
Antiproton is a unique probe for atomic physics researches. It behaves as a heavy electron or as a negative
nucleus and gives a new test ground for studies of atomic collision dynamics. It is a “theoreticians’ ideal
projectile” because lack of electron capture processes avoids complication in theoretical treatments. In
addition to various CTMC (Classical Trajectory Monte Carlo) calculations hitherto available [39], recently
semi-quantum treatments have become possible [40, 41] (see Fig. 2.10). Yet so far no experiment was
possible at energies less than around 5 keV. With the advent of our ultra-slow antiproton beams typically at
250 eV, ionization and atomic capture processes of an antiproton projectile against various atoms “A”,
p+A→ p+A+ + e−
p+A→ (pA+)0 + e−
Figure 2.10: Theoretically calculated total cross section of the antiproton colliding with hydrogen and helium atoms
[39, 40]. The antiproton is captured into atomic orbits to form an antiprotonic atom below the ionization threshold
(13.6 eV for hydrogen and 24.6 eV for helium atom).

















Figure 2.11: Schematic design of our supersonic atomic gas-jet target.
can be studied for the ﬁrst time under the single-collision condition. The collision energy can be tuned from
10 eV to 1 keV either by varying the beam transport energy or by biasing the voltages at the collision region.
This study also reveals the properties of exotic antiprotonic atoms formed in vacuo.
Since the number of available antiprotons is very much limited, the reaction probability must be maxi-
mized in order to make best use of them. The number of ionization or atomic formation events is given by
the formula
NpA+ = σ nALNp ,
where σ is the reaction cross section, nA the number density of the atomic target, L the interaction length,
and Np is the number of antiprotons.
The reaction cross sections are naturally expected to be of the order of 10−16 cm2 [39]. Suppose a beam
with 3×105 antiprotons is available every shot per several minutes, we will obtain 102 antiprotonic atoms
for a gas density of 3× 1012 atoms/cm3 at an interaction length of 1 cm. The reaction probability is of
the order of 10−3–10−4. Rigorous particle identiﬁcation is necessary in order to assure enough statistical
signiﬁcance for the reaction events to be detected and distinguished from background events.
2.4.2 Atomic gas-jet target
Atomic collision experiments requires an atomic gas-jet target to be crossed with the antiproton beam. We
prepared a supersonic gas jet in order to have a possible maximum density of the target to obtain reasonable
reaction rates of ionization and atomic formation processes. Helium atom was chosen for our ﬁrst target, for
technical simplicity and because of the fact that the lifetime of antiprotonic helium atoms are already known
from our previous spectroscopic measurements [42].
We developed a gas-jet system with 5 chamber stages, in collaboration with a gas-jet specialist over a
few years (see Fig. 2.11) [43].
A supersonic gas jet emerging from a 0.1-mm-diameter nozzle was skimmed by two stages of conically
shaped skimmers with a hole diameter of 0.6 mm and 2.2 mm. The stagnation pressure before the nozzle
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Figure 2.12: Illustration of a simulated pressure proﬁle of the gas-jet ﬂow.
was optimized at 25 bar at room temperature, for production of a powerful jet with a large Mach number of
35.8, according to our gas-jet ﬂuid-dynamics simulation. Figure 2.12 illustrates a simulated jet ﬂow proﬁle.
In our preparatory experiments, the pressure proﬁle of the gas jet was measured with a Pitot tube, which
agreed reasonably well with the simulation. The nozzle had a poppet valve just in front of it, operated by a
small solenoidal magnet. Open and close of the gas-jet ﬂow was controlled by an external electric switch.
The nozzle and the valve was mounted on a three-dimensionally movable stage. The skimming position of
the gas jet was determined experimentally, with the optimum distance of 18 mm between the nozzle and the
ﬁrst skimmer.
Most of the gas out of the nozzle was skimmed away and was differentially pumped. A powerful 300 l/s
Roots pump was additionally employed in 2007 to double the pumping speed and to cope with the great
gas load at 0.2 mbar at the ﬁrst stage. The other chamber stages with better vacuum than 10−4 mbar were
pumped by turbo-molecular pumps (TMPs) with a large pumping speed of typically 500 l/s. The gas jet
was then collimated to form a target of 9 mm diameter at the cross point in the main chamber. The jet was
then collected at the dump stage with an over-90% efﬁciency by a powerful TMP with a pumping speed
of 1900 l/s. The vacuum in the main chamber was kept to a level of less than 10−6 mbar. Three apertures
and differential-pumping stages along our 3-m beamline for antiproton extraction guaranteed the vacuum of
the antiproton trap region to a level of less than 10−12 mbar required for stable antiproton storage free from
annihilation [22].
The doubled pumping speed around the gas-jet ﬂow decreased the background pressure and thus allowed
larger expansion of the gas jet right after the nozzle. This resulted in 50% increase of the gas density in the
main chamber to a value of ρ = 3×1012 cm−3.
2.4.3 Detection and data acquisition systems
Antiprotons, about 3× 105 in number, were extracted in a slow-extraction mode over a period of typically
30 seconds. This continuous beam allowed event-by-event data acquisition associated with each single
antiproton extracted. For particle detection, a microchannel plate (MCP) with a two-demensional position
sensitive detector (PSD) was placed 3.5 cm downstream of the antiproton beam from the cross point. The








Figure 2.13: Schematic setup (left) and a photo image (right) of detectors surrounding the collision point of the
antiproton beam and the gas-jet target.
Figure 2.14: Simulated trajectories of the antiproton beam at 30 eV (left) and emitted electrons at 5 eV (right), under
the optimized conﬁguration of the electric and magnetic ﬁelds.
MCP-PSD was surrounded by a box of scintillator plates for identiﬁcation of antiproton annihilation by
detecting passage of its annihilation products such as pions [44].
In 2006, we used a single MCP-PSD to detect both antiprotons and ionized electrons, as well as an-
tiprotonic atoms formed at collision energies below the ionization threshold. Particles were identiﬁed from
combination of signals from the MCP-PSD and the scintillation counter and by the analysis of the time of
ﬂight (TOF). In 2007, we employed one more MCP-PSD placed sideways of the antiproton beam, to selec-
tively detect electrons. Figure 2.13 shows a schematic layout ot detectors. A set of electrodes and coils were
placed near the collision point to guide electromagnetically the electrons perpendicular to the antiproton
beam. Electrons emitted in the opposite direction away from the MCP-PSD was repelled back toward the
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detector due to the magnetic mirror effect of the stronger magnetic ﬁeld there. Adjustment of the voltages
to be applied to the electrodes depending on the beam energy allowed efﬁcient (98%) electron transport
while minimizing the deﬂection of the antiproton beam trajectory, as was demonstrated by our simulations
as shown in Fig. 2.14.
The TOF was shorter for electrons than for antiprotons due to the difference in their velocity. Thus a
reaction event was recognized by an electron signal (i.e., MCP(side) hit and no scintillator hit) followed
by an antiproton signal (i.e., coincidence of MCP(downstream) hit and scintillator hit) with an appropriate
TOF interval. The signals were processed and recorded by standard NIM and CAMAC systems and a set
of computers. We used multichannel TDCs with multi-stop capability. The data with electron-start events
were acquired with the common-stop mode of the TDC, in order to suppress the background of electron
signals not associated with following antiprotons.
2.4.4 Results
Despite the tight schedule of our beamtime, we managed to spend 4 days of 8-hour shifts for data taking,
after a few days of beam alignment and setup / debugging of the data acquisition system. In data analysis,
rigorous rejection of pile-up events was important. Antiprotons hitting the MCP downstream or somewhere
else during the beam transport will cause various signals attributed to annihilation products such as pions
or secondary electrons, which can be easily confused with signals from the reaction events. In order to
suppress these fake events, we required that no antiproton signal be observed for the period of 10 μs prior
to the electron-start signal.
Figure 2.15 shows our preliminary result of the analysis of our data for collision at 250 eV. The number
of events, normalized with respect to the total antiproton number, is plotted against the observed TOF
difference. Subtraction of the counts between the “gas-jet on” condition (plotted with black circles) and
the “gas-jet off” condition (red square) revealed a small peak around 150 ns (blue triangle). The timing
corresponds with the expected TOF difference of 175 ns for the antiproton minus 25 ns for the electron.
Figure 2.16 plots the total cross section as a function of the collision energy, together with the experi-





Figure 2.15: The number of electron signals associated with following antiproton signals is plotted as a function of
the TOF difference. Subtraction of the data between “gas-jet on” (black circle) and “gas-jet off” (red square) reveals
a peak around 150 ns (blue triangle), attributed to the ionization reaction.
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Figure 2.16: The total cross section for the p–He ionization and atomic capture processes plotted for various collision
energy in the laboratory frame. The data points include our latest results measured with the AIA apparatus. Our new
point (still a crude evaluation) is expected to connect the missing line in the unexplored energy region where theoretical
treatment is difﬁcult.
at 250 eV is still very premature and the error bar includes only the statistical one. Nevertheless, the point
lies along a reasonable line connecting the data above 5 keV and theoretical calculations below 50 eV. This
observation is our ﬁrst successful step toward our further study to reveal ionization processes by antiprotons
in this unexplored energy region.
Lack of time did not allow us unfortunately to observe a signiﬁcant signal of antiproton capture at a





3.1 Cusp trap commissioning
3.1.1 Cusp trap installation and pulse beam transport from MUSASHI
Figure 3.1: MUSASHI (SC magnet part) and the Cusp trap.
The cusp trap for H¯ synthesis and spectroscopy was installed at the AD in 2007. Figure 3.1 shows the
cusp trap connected to MUSASHI. For transportation, we replaced the ultraslow antiproton beam transport
line with electrostatic lens systems by a duct with a magnetic coil (B∼ 200 G). The cusp trap was designed
to conﬁne both signed charged particles and neutral particles simultaneously with a magnetic quadrupole
and an electric octupole in the central B = 0 region. In 2007, we used a spindle cusp trap region as shown
in Fig. 3.2.
For an efﬁcient transportation and capture of ∼ 150 eV p¯s from MUSASHI to the cusp trap, we devel-
oped a pulse extraction technique. The accumulated p¯s in the MRT of the MUSASHI were successfully
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Figure 3.2: Drawing of the cusp trap electrodes. The magnetic ﬁeld free region (B = 0) was at the center electrode.
Both spindle trap regions could be used to trap charged particles. Electrodes shown in blue in the upper ﬁgure
corresponds to segmented electrodes to control radial distribution of conﬁned plasmas.
extracted as a pulse by applying an 1 μs kick-off pulse to the MRT. The observed pulse at the center of
the cusp trap (B = 0 region) had ∼ 2 μs length, as shown in Fig. 3.3. This pulse length was conﬁrmed by
adjusting the trap timing as discussed in the following section. The transport efﬁciency was around 60% at
the best condition.











Figure 3.3: Measured p¯ pulse near the center of the cusp trap.
Figure 3.4: Integrated annihilation number of
p¯s conﬁned in the spindle Cusp trap.
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3.1.2 Conﬁnement of p¯ in the Cusp trap
The p¯ pulse was captured with two electrodes in the upstream side spindle cusp trap like 10 keV p¯ catching
in the MRT [21], that is, p¯ pulse was reﬂected by the upstream side potential of “U2” in Fig. 3.2 then a plug
potential on “U9” in Fig. 3.2 captured p¯ pulse in the spindle cusp trap.
The trapped p¯s were measured by a track detector consisting of two 2-m long scintillator bars. For one
MUSASHI cycle, 6–7×105 p¯s were captured in the spindle cusp trap. When we injected p¯ pulse after some
AD shots accumulation in the MRT, more than 3 millions of p¯s were captured as shown in Fig. 3.4. The
number was 2 orders of magnitude larger than that usually used in other H¯ experiments.
3.1.3 First observation of electron cooling of p¯s in the Cusp trap
The trapped p¯s were cooled via collisions between preloaded e−s. Here we hold p¯s for 10 s after injection,
then the well was shallowed for 10 s as shown by green curve in Fig. 3.5. When p¯ cloud was conﬁned
without any coolant in the well, most of p¯s were escaping soon after ramping the potential well as shown
the red in Fig. 3.5. With 2×108 e−, we observed cooled components as shown by blue in Fig. 3.5. Thus we
conﬁrmed that the p¯s were cooled when they were conﬁned with e− simultaneously in the spindle cusp trap
region. In principle, we are ready to synthesis of H¯ atoms from the respect of p¯ business in the Cusp trap.
Figure 3.5: Energy spectrum of p¯ after the catching. Green : potential variation during the slow extraction procedure
started on 10 s. Red : counts of p¯ without e− as coolant. Blue: counts of p¯ when 2× 108e− coexisted in the same
spindle cusp trap.
3.2 Other developments (without using the AD beam)
3.2.1 ASACUSA positron beam line
During 2007, the ﬁrst two major parts of the ASACUSA positron beam line were completed at First Point
Scientiﬁc, California, USA. After tests of its performance at the factory, it was accepted by members of our
group. It was then shipped to CERN and on to Aarhus, where it has recently been reassembled.
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Figure 3.6: The two parts of the ASACUSA positron beamline which are presently under test at University of Aarhus.
Ph D student Heine Thomsen shows the apparatus.
Precently, a clean cooling water system, power lines, compressed air etc is being installed in the “CERN
test laboratory”, and in the beginning of 2008, we will start the ﬁrst tests. The two parts are shown in situ in
Aarhus in ﬁgure 3.6.
The entire apparatus consists of 3 parts: The RGM-1, in which positrons emanating from a 22Na source
are moderated by solid neon and extracted, an accumulation and cooling buffer gas Penning trap where the
positrons are cooled to room temperature, and ﬁnally a stacking, compression and bunching Penning trap
for the ﬁnal manipulation of the positron beam. This last part is under discussion in the collaboration. It has
to be designed to ﬁt the rest of the ASACUSA antihydrogen apparatus.
The positron beam line project of ASACUSA is progressing ﬁne as far as the two ﬁrst parts are con-
cerned. It is important that the third stage of the positron beam line be initiated in the coming year.
In 2008 we will optimize the positron production as well as the time and spatial structure of the positron
beam. Several experiments in the ﬁeld of positronium physics are planned to make good use of the apparatus
until it is shipped to CERN.
3.2.2 Detector for antihydrogen
A new detector is foreseen to determine the positions of the antihydrogen and antiproton annihilations. As
in the other antihydrogen experiments at AD the vertices will be measured using the pions coming out from
the annihilations of the antiprotons with the matter.
In the ﬁrst step of the measurement plan it will be particularly useful to disantangle the annihilations in
the centre of the cusp trap from the ones on the lateral wall of the multiring trap. The measurement of the
production rate of antihydrogen in different conditions and stages is also important.
The closed geometry of the cusp trap (due to the cryogenic system and anti-Helmoltz coils speciﬁc of
the cusp trap) prevents the possibility to install a particle detector close to the centre of the cusp trap.
The vertex detector will consist of 4 (or 6) different planes of scintillator rods to measure the charged
pions of the annihilations. Two (or three) planes will be placed on the rigth of the cusp trap, in respect to the
antiproton beam from Musashi, while the remaning two (or three) on the left (see Fig. 3.7).
Each plane is assembled by joining two layers of 80 rods of plastic scintillators (Polystyrene Dow Styron
663 W + 1% PPO + 0.03% POPOP, white capstocking TiO2 ) each 10×10× (600−800) mm with an hole
of 2 mm, Fig. 3.8.
These scintillator rods are like those manufactured by Fermilab and NICADD and used, e.g. in the





Figure 3.7: Antihydrogen detector: 4 planes of 2 lay-
ers of scintillating rods.
10 x 10 mm
80 bars
800 mm
Φ = 2 mm
Figure 3.8: One layer of one plane of the detector.
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Figure 3.9: A typical simulated event. The ﬁrst plot is the xy view, the second one is the zx view. The charged particles
are in red, the pions are labelled with their own names.
MINERν A experiment. The two layers are rotated of 90°one with respect to the other, and in every
hole is placed a WLS Kuraray Y-11 green ﬁber 1.5 mm of diameter. WLS shift the blue light produced
in the scintillator by the passage of a charged particle in a green light that can be read by the PMT more
efﬁciently. The electronic is just the same used for the scintillating ﬁber detector of the annihilation cross-
sections measurement. The solid angle covered by the detector system in respect to the centre of the cusp
trap is about 1/3 of the total solid angle. We have simulated the antiproton annihilations in the cusp trap with
a rough geometry in order to understand the behaviour of the emitted particles in presence of the magnetic
ﬁeld and of the existing materials. In Fig. 3.9 a typical simulated event is plotted .
The results are:
• a large number of secondaries are generated in the coil material (3.4 cm of Cu) but the low-energy
particles which spiralize in the magnetic ﬁeld do not across the detectors an so do not disturb the
measurement.
• the charged particles are deﬂected only in the central part of the cusp trap and so their momenta cannot
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be easily measured by the detector (in order to disantangle the pions from the others particles).
• with a selection of the vertices with 3 tracks we reconstruct 1% of the vertices with a resolution in y
and z coordinates of the order of 1 cm while for x the resolution is of the order of 2-3 centimeters (this
is a consequence of the non axial symmetry of the chosen detector geometry).
The efﬁciency of 1% in the strong selection in the reconstructed vertices will not represent a limitation in
the measurement taking into account that the antihydrogen production rate in ATHENA was about 100 Hz
and that the number of the available antiprotons in the cusp trap is 2-3 order of magnitude greater than in
the ATHENA case.
3.2.3 Commissioning of a travelling-wave positron accumulator: a new all-in-one
scheme compatible with ultra high vacuum
As is described in Sec. 3.1, the cusp trap is ready for the antihydrogen synthesis following the very successful
run in 2007, which realized to transport, trap and cool a large number of antiprotons in the cusp trap. Now
the missing but essential component is an accumulator of cold positrons. We have been developing a new
scheme which is compatible with the UHV (Ultra High Vacuum) conditions and at the same time has high


















Figure 3.10: A schematic drawing showing how the travelling-
wave scheme works in accumulating positrons
Figure 3.11: The 5 T superconducting solenoid
for the TW positron accumulation. The red,
blue and purple squares schematically show
a 22Na positron source, a heavy alloy radia-
tion shield, and a multi-ring trap to accumulate
positrons.
The potential scheme we adopted is the travelling-wave (TW) scheme. As Fig. 3.10 shows schemati-
cally, a positron beam is injected on the W moderator from the left-hand side via a multi-ring trap (MRT)
where a harmonic potential is formed to accumulate positrons. Low energy positrons of 1-2 eV are emitted
from the W moderator, and interact with the TW prepared on the left hand side (upstream) of the MRT.
Slow positrons decelerated by the TW are reﬂected by the potential barrier. When the deceleration works as
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expected, positrons do not reach the moderator again, and are trapped oscillating in the harmonic potential.
All the setups are housed in a 5T solenoid, and the positrons are cooled via synchrotron radiation within
a fraction of seconds. Figure 3.12 shows the number of accumulated positrons as a function of the TW
frequency, which clearly shows that the present scheme works as expected.
Figure 3.12: The positron accumulation efﬁciency as a function of the travelling-wave frequency
A new 5T solenoid is under construction (see Fig. 3.11), and a compact all-in-one TW positron source
should be ready on May, 2008, where a 50mCi 22Na source with its radiation shield, a MRT, and a moderator
are all installed inside the solenoid, which is expected to improve the production efﬁciency of slow positrons
drastically.
3.2.4 Development of a superconducting radiofrequency Paul trap for antiprotons
During 2007, the ASACUSA collaboration continued the construction of the two radiofrequency Paul traps.
These will be used to conﬁne and cool antiprotons, and produce the ground-state antihydrogen atoms needed
to carry out microwave spectroscopy of their ground-state hyperﬁne structure. A 1-ton cryogenic vacuum
chamber of diameter 1.2 m which houses the two Paul traps was constructed, and placed on a stainless-steel
stand. The cryogenic shields, pipings, and heat exchanger of the cryostat are now under construction, and
the cryogenic apparatus is scheduled to be completed in June of 2008. This will follow RF tests of the
superconducting Paul trap made of niobium. Current tests using a niobium cavity has shown that the high
RF power needed to trap the antiprotons can be achieved. Developmental efforts are now being concentrated
on further improving the Q-value of the cavity. This project has relied for the last 2–3 years on support from
the CERN AB division, cryogenic ECR group, CERN cryogenic laboratory, central workshop, and brazing
workshop. The continued level of support is essential, especially during the ﬁrst half of 2008.

Part 4
Beamtime Plans for 2008
Table 4.1: Beam usage plan for 2008.
Topic Mode Weeks
p¯-nucleus annihilation cross section without RFQD (5 MeV p¯) 1
p¯He hyperﬁne splitting without RFQD (5 MeV p¯) 6
p¯He lifetime without RFQD (5 MeV p¯) 1
p¯He CW-laser spectroscopy RFQD 5
p¯-He collision down to 10 eV RFQD+MUSASHI 2
Cusp trap commissioning RFQD+MUSASHI 5
4.1 Without RFQD
4.1.1 Antiproton-nucleus annihilation cross section
A strong improvement of the quality of the data will be obtained in 2008 by reducing the contamination
coming from the annihilations on the lateral wall of the target vessel due to the Coulomb scattering of the
antiprotons on the target.
This will be realized with some modiﬁcations of the experimental set-up used in 2007. The main mod-
iﬁcations consist in a different position of the target and in an increase of the radius of the ﬁnal part of the
target vessel. In 2007 the targets were positioned along the antiproton beam at the centre of the detector. In
2008 the targets will be positioned 20 cm downstream. The target vessel after the detector will have a radius
of 30 cm instead of the 15 cm for the 2007 set-up (see Fig. 4.1).
In Fig. 4.2 and 4.3 the z−coordinate distributions of the antiproton annihilations vertices form Monte
Carlo simulations are plotted for the 2007 and 2008 set-up respectively.
In addition a new tool for a fast swap of the targets will be done (Fig. 4.4). Four different targets can be
simultaneously parked inside the larger part of the target vessel but out of the antiproton beam. By rotay-
linear multi-motion system the selected target can be placed along the antiproton beam without opening
the target vessel. Since this system permits also different z-coordinate positioning of the target along the
antiproton beam, a tuning of the number of the scattered events can be realized. This opportunity will be
very useful since the Ruherford events number is an additional way to count the antiproton beam for the
annihilation cross-section measurements.
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Figure 4.1: Experimental set-up in 2007 (left) and in 2008 (right).
Figure 4.2: z-coordinate of the antiproton annihilations vertices from Monte Carlo simulations for Sn target with
2007 experimental set-up. (N.B. The annihilations on the end wall of the target vessel are not plotted). On the right
the vertex reconstruction efﬁcienzy vs the z-coodinate of the vertex.
Figure 4.3: As in ﬁg. 4.2 but for the 2008 set-up.
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Target parking vessel in 2008
Figure 4.4: The target parking system
4.1.2 Hyperﬁne splitting of p¯4He+
The magnetic moment of the antiproton can be determined from the microwave spectroscopy of antipro-
tonic helium pHe+ through the comparison of the measured transition frequencies with three-body QED
calculations. A recent study by Bakalov and Widmann examines the possible accuracy that can be achieved
by such a comparison for a range of antiprotonic states [15]. They conclude that measuring the hyperﬁne
structure of the (37,35) state, to a resolution of 33 kHz, will result in a factor of 3 improvement to the known
antiproton spin magnetic moment. It is therefore proposed that a completion of the systematic study that
was commenced in 2006 be made during the 2008 beam time.
In 2007 it was determined that the points must be chosen with equal spacing across 5σ on either side
of the peak. This means that each peak must be measured separately with 60 points per peak. To reach
optimum precision each peak must be measured for 36 hours. As the beginning of each shift must be used
for beam tuning it is proposed that it will take ﬁve shifts to achieve the desired resolution for each peak.
A systematic study should examine the density dependence. The maximum pression at 250 mbar has
almost been reached. It is therefore proposed that scans are made at two further densities (150 mbar and 500
mbar). At ﬁve shifts per peak, 20 shifts would be required.
In addition, 7 shifts are required for setting up and optimising the experimental conditions. This process
would include ranging, laser scans and microwave power dependant measurements, at each density.
Finally, to eliminate systematic errors, it is necessary to make two independent scans at a two different
microwave powers and laser separations. To be meaningful these must be taken with the same statistics as
the previous scans. The separations have been chosen as 150 ns and 200 ns at 30 and 15 W respectively.
The signal to noise ratio is higher for both T = 150 ns and 200 ns so each of these scans should take
approximately half the time of the T = 350 ns scans (6 shifts). So in total 12 shifts are required for this part.
In total the beam time proposal in 2008 for the hyperﬁne splitting of antiprotonic helium is 39 shifts
(∼5.6 weeks). With this time we will be able publish a measurement of the antiproton spin magnetic
moment to a factor of 3 better than it is currently known, provided that time will not be lost due to AD beam
problems.
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4.1.3 p¯He+ Auger-decay rate
Since an experimental apparatus for the Auger-decay rate measurement is same as that for the magnetic mo-
ment measurement, the Auger-rate measurement can be done parasitically, without requiring an additional
beamtime allocation. In 2008 we plan to measure the state (35, 32) of p¯4He+ and (37, 32) and (34, 31) of
p¯3He+, whose experiment-theory differences were comparatively large.
4.2 With RFQD
4.2.1 Laser spectroscopy of pHe+ atoms using a Doppler-canceled two-photon
technique and a continuous-wave laser
The experimental precision achieved in 2007 for the two-photon laser spectroscopy experiment of pHe+
probably represents the best value that can be obtained using nanosecond-scale pulsed lasers. Further im-
provements in the spectral precision of these high-power lasers are exceedingly difﬁcult, due to the shot-
to-shot ﬂuctuations that occur in the laser frequency. The AC Stark effect in the pHe+ laser transitions
associated with the high laser powers needed to induce these non-linear two-photon transitions will also
limit the experimental precision at levels beyond 1 part in 109.
In 2008, we plan to test an entirely different type of laser spectroscopy method which may solve these
problems, leading to a further improvement in the experimental precision in the future. Here the atoms will
be irradiated by two continuous-wave laser beams, each tuned to a sequence of single-photon transitions
in pHe+. The ﬁrst laser will burn a ”hole” in the thermal distribution of the pHe+, while the second laser
will probe this hole. The ﬁrst-order Doppler broadening in the resulting proﬁle should then in principle be
cancelled, allowing us to ultimately achieve spectral resolutions of < 50 MHz. The relatively low power
P ∼ 50 W of the laser beams needed for this experiment should cause very little AC Stark effect. In this
way, we hope to measure the atomic transition frequencies of pHe+ with sub-ppb-scale precision.
A major difﬁculty of this method is that the expected intensity of the laser resonance signal is very low
(more than an order of magnitude smaller than now). This is due to the fact that only a small fraction of the
pHe+ which lie within the part of the thermal distribution that overlaps with the laser linewidth contribute to
the signal. Several years of development may therefore be needed to perfect this method. To carry out this
experiment, we are now developing the laser system shown in Fig. 4.5. The outputs of two continuous-wave
lasers are intensiﬁed by factor ∼ 50 in power build-up cavities of effective length l = 50 m, made of Invar.
These cavities will be folded and suspended in a 3-m-long UHV chamber. An intracavity AOM will deﬂect
out the laser power of P∼ 50 W.
4.3 With RFQD+MUSASHI
4.3.1 Atomic Collision Studies Using Ultra-Slow Antiproton Beams
Now that we have succeeded in observing the ﬁrst signal of ionization events with our new detector system
installed in the gas-jet chamber, it is just a matter of enough beamtime to measure the cross section at
various collision energies. We plan to take several energy points in the 100–1000 eV region to reveal the
cross section curve which is totally unknown for these energies. Even theoretically, no reliable work has
been performed. The collision of an antiproton and a helium atom results in a combined nucleus charge
of +1 and two electrons. The inﬁnitesimal limit of the nuclear distance gives H−, which is known to be
a bound system. Therefore, the ionization cross section goes to zero in the low-energy limit of adiabatic
passage approximation (in contrast to the case for antiproton collision with the hydrogen atom). A more
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Figure 4.5: Laser system under development to carry out Doppler-free two-photon laser spectroscopy of antiprotonic
helium, using a hole-burning technique.
realistic calculation must include diabatic effects, whose methodology is not yet established. Therefore,
experimental measurement is of importance here.
Atomic capture process will also be studied at lower eneries of 10–30 eV. In 2007, we found difﬁculty
in guiding the antiproton beam at such an ultra-low energy. In 2008, we are planning to install additional
beam deﬂectors at the very end of the beam transport line, to assure overlap of the beam with the gas jet.
Capture of antiproton by an atom results in formation of antiprotonic atoms. Metastable antiprotonic
helium atom has been studied with spectroscopic methods over the decade, but only in media. The cross-
beam experiment in vacuo will populate higher-lying states with a principal quantum number n > 40 and a
much longer lifetime. The overall lifetime of this exotic atom can be observed from the TOF spectra, giving
indication on the population distribution of states. Our new measurements are thus expected to clarify the
collision dynamics under well-deﬁned single-collision conditions at ﬁxed energies.
4.3.2 Cusp trap commissioning
Following successful test experiments in 2007 (1.5 weeks), the following subjects will be studied in 2008:
• Optimize the transport, trap, and cooling conditions of p¯ into the cusp trap
• Simultaneously trapping of antiprotons and positrons in the cusp trap
• Mixing of cold antiprotons and positrons in the cusp trap
• Synthesis of antihydrogen atoms
4.3.3 p¯-hydrogen Ionization
With the success of our measurements this year in mind, we intend to use 2008 to prepare the very important
measurement of the cross section for ionization of atomic hydrogen by impact of slow antiprotons. Data
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exist for this process for energies from 1000 keV to 30 keV [33], but no data exist for collisions where the
projectile is slower than the target electron. We have already prepared the AIA apparatus for the installation
of an atomic hydrogen source. With respect to the feasibility of this measurement, we expect to be able to
obtain a target density 10 times smaller than that obtained for helium this year, but since the atomic hydrogen
ionization cross section is 1 A2 as compared to 0.4 A2 for helium @ 20 keV, we expect to be able to obtain
several data points in the range down to 5 keV using two weeks of beam time in 2009.
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